Fusarium wilt of banana, caused by Fusarium oxysporum f. sp. cubense (Foc), is regarded as one of the most devastating diseases. Cavendish cultivars (AAA genome) are highly susceptible to race 4 of the pathogen. The regulation of defencerelated genes in 'GCTCV-218', a Fusarium wilt-tolerant Cavendish selection, was studied. A cDNA library, enriched for genes up-regulated in 'GCTCV-218' after Foc infection when compared to susceptible Cavendish cultivar 'Williams', was previously constructed using suppression subtractive hybridisation (SSH) and screened using DNA micro-array technology. Potentially induced clones (334) were selected and sequenced. Four defence-associated genes (catalase 2, pectin acetyl esterase (PAE), PR-1 and PR-3) were selected for expression profile analysis using real-time reverse transcriptase PCR (RT-PCR). 'GCTCV-218' showed significantly lower disease severity and incidence than the susceptible 'Williams' in replicated greenhouse and field trials. Several defence-related transcripts were identified by BLASTX searches, including genes coding for PR-1, PAE, xylanase inhibitor, peroxidase, catalase 2, metallothionein, response regulator 6 and tripsin inhibitor. Inverse Northern dot blot data indicated that all of the above-mentioned transcripts were up-regulated in 'GCTCV-218' 6 hours post inoculation (hpi) compared to 'Williams'. Quantitative RT-PCR results confirmed that all four genes were differentially expressed in 'GCTCV-218' 3 and 6 hpi, confirming SSH results. PR-1 and PAE were induced very early (3 hpi) in 'GCTCV-218', while PR-3 and catalase 2 followed with a significant induction 6 hpi. This study concluded that 'GCTCV-218' is able to respond rapidly to Foc infection by activating both a biochemical and structural defence mechanism. The tolerance of 'GCTCV-218' was further linked to a significant increase in the induction cell wall-associated phenolic compounds.
INTRODUCTION
Fusarium wilt of banana, caused by the soil-borne pathogen Fusarium oxysporum f. sp. cubense (Foc), is regarded as one of the most serious diseases and has destroyed many thousands of hectares of Cavendish (AAA genome) bananas in tropics (Hwang and Ko, 2004) and subtropics (Viljoen, 2002) . No sustainable control strategy exists, other than replacing susceptible cultivars with those resistant to the disease. In the mid-1900s, race 1 of the pathogen led to the replacement of the susceptible 'Gros Michel' (AAA genome) with resistant Cavendish cultivars as the main banana for export. However, Cavendish cultivars are highly susceptible to Foc race 4. There is no commercial cultivar with resistance to Foc race 4 available to replace Cavendish. Natural disease resistance exists in wild-type bananas, but these are not suitable for the consumer market. Conventional breeding efforts to find a tolerant or resistant replacement have had limited success due to the fact that Cavendish cultivars are parthenocarpic (Robinson, 1996) . Hwang and Tang (1996) therefore initiated a Fusarium wilt screening program selecting
RESULTS
Yellowing of banana leaves and wilting appeared 4 to 5 weeks after inoculation with Foc in the greenhouse. After 6 weeks, 'Williams' plants developed more severe internal symptoms than 'GCTCV-218' plants. Many of the 'Williams' plants scored the maximum value of 5 for internal symptoms compared to 1 (few) or 0 (no) internal symptoms in 'GCTCV-218'. Disease severity values for 'Williams' were 65 and 57% for the two trials compared to 34 and 38% in 'GCTCV-218' (Fig. 1A) . No symptoms developed in the control plants of either 'GCTCV-218' or 'Williams'. Typical external symptoms appeared on 'Williams' plants as a yellowing of the leaf margins of older leaves. Severely infected banana plants showed the yellowing advancing from the oldest to the youngest leaves and the typical "skirt" of dead leaves hanging down around the pseudostem. Longitudinal splitting of the outer leaf bases of the pseudostem of susceptible plants was also often observed. In the field, 'GCTCV-218' consistently showed better tolerance to Fusarium wilt than 'Williams'. At the three test sites, 'GCTCV-218' plants had a disease incidence of 10, 34 and 14% compared to 52, 76 and 72% for 'Williams' (Fig. 1B) .
A cDNA library of 736 banana clones enriched for genes differentially expressed in 'GCTCV-218' at 6 hours post inoculation (hpi) of Foc race 4 was generated using SSH (Van den Berg et al., 2004) . Subsequent high-throughput DNA micro-array screening resulted in the identification of 79 clones that were differentially expressed in 'GCTCV-218' in response to Foc (Van den Berg et al., 2004) and these were sequenced. 55 of the 79 sequences showed significant homology to plant gene sequences while 24 had no significant homology to any sequences in databases. After sequence analysis and clustering, 15 non-redundant fragments were identified that were truly differentially expressed in the tolerant 'GCTCV-218' after Foc infection (Table 1) . Micro-array expression and Inverse Northern Blot ratios correlated and were ≥ 1, indicating that the fragments were up-regulated in response to Foc in 'GCTCV-218' compared to 'Williams'. They encode banana proteins with similarities to two putative peroxidases, two proteins of unknown function, a trypsin inhibitor, PR-1, a PAE, xylanase inhibitor, metallothionein, ribosomal protein S3a, response regulator 6 (putative role in twocomponent signal transduction), catalase 2, ferredoxin III, cytrochrome P450 and a putative senescence-associated protein.
The results from independent qRT-PCR experiments confirmed micro-array data and revealed a significant, differential induction of these genes in 'GCTCV-218' in response to Foc race 4 (Fig. 2) . Catalase 2 expression was higher in the tolerant 'GCTCV-218' than in the susceptible 'Williams' by 6 hpi ( Fig. 2A) . PAE was upregulated in 'GCTCV-218' at 3 hpi while no up-regulation was observed in 'Williams'. Although the level of up-regulation is reduced, PAE expression was higher in 'GCTCV-218' than in 'Williams' at 3, 6, 24 and 48 hpi (Fig. 2B) . Up-regulation of PR-1 occurred in both 'GCTCV-218' and 'Williams' (Fig. 2C) . However, the expression ratio of PR-1 was more substantial after 3 and 6 hpi in 'GCTCV-218'. PR-1 expression was highest at 6 hpi in 'GCTCV-218', after which it was reduced. PR-3 was up-regulated in both 'GCTCV-218' and 'Williams' following inoculation with Foc. Maximal expression in 'Williams' occurred at 3 hpi, after which expression was reduced. However, in 'GCTCV-218', PR-3 induction was highest at 6 hpi and showed up-regulation throughout the time course after inoculation (Fig. 2D ). PR-3 expression was higher in 'GCTCV-218' than in 'Williams' at 6, 24 and 48 hpi.
'GCTCV-218' produced a significantly higher total phenolic content when compared to 'Williams' at 0 and 6 hpi with Foc (Fig. 3A) . Although there were no significant differences between the treatments, an induction in total phenolics was observed in 'GCTCV-218' after 6 h, while induction in 'Williams' occurred only after 24 h. Total phenolic production in 'GCTCV-218' and 'Williams' were similar at 24 and 48 hpi. Free acids were significantly higher in 'GCTCV-218' when compared to 'Williams' at 0 h, but decreased after inoculation in both cultivars. 'GCTCV-218' also had a significantly higher level of free acids at 24 hpi (Fig. 3B) . Although a significant decrease in glycoside phenolics occurred in 'GCTCV-218' 6 hpi, an increased induction was visible at 24 and 48 hrs ( Fig. 3C ) while 'Williams' only responded at 48 hrs. Glycosidebound phenolics were significantly higher in 'GCTCV-218', 24 and 48 hrs after inoculation when compared to 'Williams'. Ester-bound phenolics were expressed at similar levels in 'GCTCV-218' at 0 and 6 hpi, but a significant increase in content was observed at 24 hrs and reached a plateau at 48 hpi with Foc (Fig. 3D ). The ester-bound phenolics in 'Williams', however, only increased at 48 hrs. 'GCTCV-218' responded to pathogen infection at 24 and 48 hpi with a significant increase in cell wall-bound phenolics compared to 'Williams'. In contrast, while containing a greater basal level compared to 'GCTCV-218' of phenolics prior to inoculation, phenolic content in 'Williams' decreased by 24 hpi (Fig. 3E) .
DISCUSSION
Pathogenicity trials in the greenhouse and field showed that the Giant Cavendish somaclonal variant 'GCTCV-218' developed significantly less Fusarium wilt than the susceptible 'Williams' in South Africa, and can thus be considered tolerant to Foc 'subtropical race 4' (VCG-0120). 'Williams' plants developed typical Fusarium wilt symptoms both in the greenhouse and field. In the field, severely infected 'Williams' plants were entirely chlorotic, and, in some cases, large numbers of plants succumbed to the disease. This result has important implications for the continued cultivation of Cavendish banana in countries affected by Foc race 4. Hybrids with high levels of resistance to the pathogen are not always acceptable to Cavendish-dominated markets. However, the tolerant Cavendish banana selection 'GCTCV-218' could be considered a good replacement for susceptible Cavendish varieties in countries affected by Foc race 4.
In this study, 15 non-redundant gene fragments associated with tolerance to Foc 'subtropical race 4' were identified in 'GCTCV-218'. Ten of the 15 clones showed significant similarities to defence-associated genes, indicating that the tolerant 'GCTCV-218' recognises either Foc or virulence factors secreted by the pathogen and is able to respond at the transcriptional level through the induction of defence genes. Four defencerelated genes (catalase 2, PAE, PR-1 and PR-3) investigated in this study were significantly up-regulated in 'GCTCV-218'.
The induction of PR-1 and PR-3 (endochitinase) in 'GCTCV-218' following Foc infection, and the marked increase of PR-1 over time, suggests that proteins encoded by these genes are associated with plant defence in banana roots. The induction and greater accumulation of PR-1 in 'GCTCV-218' after Foc infection could play a role in the successful containment of the pathogen. This is consistent with the study of Pegg and Young (1982) , who reported that the release of β-1-3 glucanase and chitinase might serve to inhibit Foc in banana. PR-1 proteins are the only family members for which no biochemical function is known. However, several studies indicate possible antifungal properties (Niderman et al., 1995) . The association of PR-1 proteins with cell wall deposits implies a more structural role, possibly in the formation of physical barriers to prevent pathogen spread (Cutt and Klessig, 1992) . PR-3 expression in 'GCTCV-218' could inhibit Foc growth due to biochemical degradation of fungal cell walls; it however could also possibly be linked to the systemic activation of defence responses away from the initial site of infection due to the their role in releasing elicitors. Chitinases are known to hydrolyse the chitin present in cell walls of fungi and can, therefore, serve as inhibitors of fungal growth (Collinge et al., 1993) . Chitinases also release elicitor compounds from the pathogen or host cell walls, which in turn stimulates the defence system (Boller, 1987) .
Catalase expression was significantly increased in 'GCTCV-218' at 6 and 48 hpi. This is consistent with the findings of García-Limones et al. (2002) , who showed that catalase activities are enhanced in the incompatible interaction between chickpeas and F. oxysporum f. sp. ciceri. Consequently, they suggested that the expression of catalases in the roots is an early response to Fusarium infection. Catalases are known to decrease the levels of H 2 O 2 , which acts as a second messenger for the activation of plant-defence responses and has, in addition, been linked to cell-wall cross-linking and as a potential toxin against invading pathogens (Clark et al., 2000) . Increased catalase activity may be a consequence of increased levels of H 2 O 2 to protect the plant cells against the oxidative burst.
The up-regulation of PAE in 'GCTCV-218' found in this study is most likely related to the modification of the pectin component in root cell walls, which in turn may affect cell wall strengthening. PAEs catalyse the de-acetylation of pectin, which is a major compound of plant primary cell walls (Vercauteren et al., 2002) . More specifically, PAE hydrolyses acetyl esters in the homogalacturonan regions of pectin, thereby modifying cell walls during root development and pathogen interactions (Savary et al., 2003) . PAE has also been demonstrated to be up-regulated in Arabidopsis thaliana roots shortly after nematode infection (Vercauteren et al., 2002) .
Based on the fact that some differentially expressed genes isolated from 'GCTCV-218' (including PAE and peroxidase genes; Table 1 ) are implicated in cell wall strengthening, we investigated the phenolic content in 'GCTCV-218' and 'Williams' in response to Foc and found a significantly higher level of total peholics and an increase in cell wall-bound phenolics in 'GCTCV-218'.
The higher levels of total soluble phenolics in 'GCTCV-218' compared to 'Williams' observed in this study suggest that constitutive defence compounds are present in higher concentrations in tolerant banana clones, even before contact with the pathogen. This increased presence of phenolics could contribute to an enhanced plant response after infection. In this study, ester-bound phenolics were expressed at increased levels in 'GCTCV-218', 24 hrs after pathogen attack. Evidence strongly suggests that esterification of phenols to cell wall materials, is a common theme in the expression of disease resistance (Fry, 1987) . The early increase of glycoside-bound phenolics in 'GCTCV-218' may further contribute to disease tolerance by being toxic to the pathogen and thereby preventing pathogen spread. The role of phenolics in defence responses in banana has been illustrated previously. De Ascensao and Dubery (2000) reported a substantial increase in total soluble phenolics in banana roots of 'FHIA-01' (AAAB genome, syn. 'Goldfinger') 8 hours after treatment with elicitors from Foc race 4. This is in contrast to 'Williams', which responded only after 12 hrs and did not show the same prominent increase in phenolics that were found in the tolerant hybrid. Phenolics are precursors of several secondary metabolites involved in disease resistance, such as phytoalexins and lignin (Matern et al., 1995) . In this study, 'GCTCV-218' had a greater capacity for phenolic metabolism in response to Foc and it also displayed a high basal level of total soluble phenolics, free acids and glycoside-bound phenolics before pathogen infection. Strengthening of cell walls is generally accomplished by infusion of phenolics into, or the apposition of phenolic-containing material against, the cell wall (Beckman et al., 1974; Ride, 1975) . The constitutive presence of phenolics suggests that 'GCTCV-218' has preexisting defence mechanisms that protect the plant. 'GCTCV-218' responded strongly to pathogen attack by producing high levels of cell wall-bound phenolics. This suggests that cell wall strengthening and subsequent lignin deposition is taking place. The high level of phenolics found in 'GCTCV-218' may also possibly contribute to the effective and timeous production of papillae and gels in response to Foc. 'GCTCV-218' is able to actively induce a structural and biochemical defence response against Foc. Apart from simply inducing strong defence responses, 'GCTCV-218' appears to be able to induce them early enough to contain Foc and to prevent further spread.
An effective resistance response against Fusarium wilt diseases depends on the rate and extent of recognition and activation of the defence mechanisms (Beckman, 1987 (Beckman, , 1990 . 'GCTCV-218' showed that it is able to respond rapidly to Foc infection by inducing genes involved in biochemical and structural defence mechanisms. Two genes in this study, PR-1 and PAE, were induced very early (3 hpi) in the tolerant defence response, while PR-3 and catalase 2 followed with a significant induction at 6 hpi. In 'Williams', PR-1 was induced by 3 hpi, showing that PR-1 is also induced in this cultivar, but more slowly and to a lesser degree than in This study has provided information on a tolerant plant-pathogen interaction and a soil-borne root pathogen. The results shed light on genes involved in defence and provide a step towards understanding Fusarium wilt of banana and thereby developing an effective disease management strategy. A. B. Fig. 1 . Cavendish banana selection 'GCTCV-218' (AAA) showed increased tolerance to Fusarium oxysporum f. sp. cubense (Foc) 'subtropical race 4' compared to 'Williams' (AAA). (A) Percentage disease severity of 'Williams' (grey) and 'GCTCV-218' (black) infected with Foc during two independent greenhouse trials. (B) Percentage disease incidence during three independent field trials in Foc-infected areas in South Africa were calculated using the formula of Sherwood and Hagedorn (1958) . Data were analysed using ANOVA and the Tukey Honest Significant Difference Test. Bars presented with the same letter are not significantly different at P<0.05.
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